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ABSTRACT 
Large-scale patterns in marine fish habitat use as determined from 
a meta-analysis of acoustic telemetry studies 
by 
Alli N. Cramer 
Masters of Science in Applied Marine and Watershed Science 
California State University Monterey Bay, 2015 
 
 The concept of habitat use is common throughout the ecological literature and is 
measured through both time (site fidelity) and space (home range). For marine fishes we 
have expectations for habitat use that have been developed through isolated studies of a small 
number of species. Using the tools of a meta-analysis we tested these expectations by 
combining acoustic telemetry data from 48 different marine fish species. In addition we used 
this large dataset to identify physiologic, life history, and environmental variables that 
influenced patterns in habitat use through model selection using Akaike’s information 
criterion (AIC). Results indicate that 40% of tagged fishes exhibited high site fidelity 
(residents≥ 90% of time), residency of the other 60% varied significantly (p-value < 0.05), 
contrary to expectations for resident fishes. AIC results for site fidelity indicated that genus 
and species were not good predictors of site fidelity – length, temperature, and feeding 
behavior metrics are better predictors. The expectation that home range increases with body 
size was also not supported. A regression of home range size vs. length resulted in a slope 
that was nearly flat. Instead, home range size varied by species rather than body size 
(ANOVA p-value < 0.05). The AIC results for home range indicate reproductive mode, 
feeding strategy, and habitat measures are more predictive of habitat use. This study 
highlights the importance of looking across species when developing movement expectations 
and the importance of life history in determining fish behavior. This work also identifies data 
gaps within telemetry research and provides recommendations for increased coordination in 
research efforts to allow for future cross-species meta-analysis.  
 
  
vi 
TABLE OF CONTENTS 
PAGE 
ABSTRACT ...............................................................................................................................# 
LIST OF TABLES .....................................................................................................................# 
LIST OF FIGURES ...................................................................................................................# 
ACKNOWLEDGEMENTS .......................................................................................................# 
CHAPTER 
1 LARGE SCALE PATTERNS IN MARINE FISH HABITAT USE AS 
DETERMINED FROM A META-ANALYSIS OF ACOUSTIC 
TELEMETRY STUDIES ............................................................................................10 
Introduction ............................................................................................................10 
Methods..................................................................................................................14 
Testing against predictions ..............................................................................15 
Model Comparison: Examining factors related to site fidelity ........................22 
Results ....................................................................................................................24 
Testing against predictions ..............................................................................24 
Residency Index .........................................................................................24 
Home Range ...............................................................................................29 
Model Comparison: Examining factors related to site fidelity ........................31 
Residency Index .........................................................................................31 
Home Range ...............................................................................................33 
Discussion ..............................................................................................................35 
REFERENCES ........................................................................................................................43 
A FACTORS SELECTED FOR INCLUSION IN MODEL COMPARISONS 
BASED ON MULTIPLE FACTOR ANALYSIS .......................................................50 
 
  
vii 
LIST OF TABLES 
 PAGE 
Table 1  Species, data type, and sources included in this study. A  is the type of 
value reported in paper. Averaged Residency Index (RI) values were reported 
per species, as calculated by the authors. Individual Residency Index and 
Home Range values were reported for individual fishes within the studies. For 
model comparison, species reported as individual values were averaged so all 
species could be included in AIC analysis. ..................................................................20 
Table 2  Variables examined in relation to habitat use. Data were gathered from 
published literature, using Fishbase as a starting point and supplementing with 
additional literature where necessary [See Database]. .................................................22 
Table 3  Significance of Correlations between bins within a species in the “go” group 
with p-values (bold values with * are significant).  Note the overwhelming 
number of non-significant correlations, indicating that no clear pattern of 
movement exists in any species. ..................................................................................28 
Table 4  ANOVA output for Home Range (m2) vs. Species. Species was highly 
significant. ....................................................................................................................30 
Table 5  AIC results showing best model for predicting Residency Index (RI). delAIC 
is delta AIC and AICw is weight. The “best” model has a combination of the 
lowest delta AIC and highest weight.  “df” is degrees of freedom, AIC is the 
raw AIC score, AICc is the AICc value, delAIC is the delta AIC and AICw is 
the AIC weight. The Evidence Ratio is a measure of evidence in support of 
the “best” model, as found in Burham and Anderson 2002. ........................................32 
Table 6  Summed weights of Residency Index (RI) models containing each factor. 
Most influential factors (based on weight and inclusion in top models) 
highlighted.  Note how Age Max has a low weight, even though it is included 
in the best performing models......................................................................................33 
Table 7  Results from AIC analysis of Home Range predictors based on averaged 
Home Range area. Best models are top two models. “df” is degrees of 
freedom, AIC is the raw AIC score, AICc is the AICc value, delAIC is the 
delta AIC and AICw is the AIC weight. The Evidence Ratio is a measure of 
evidence in support of the “best” model, as found in Burham and Anderson 
2002..............................................................................................................................34 
Table 8  “Summed” weights of models containing each factor. Most influential 
factors (based on weight and model selection) are highlighted ...................................34 
Table 9  Factors remaining after MFA to explore site fidelity (Residency Index) using 
Akaike’s Information Criterion. Factors in bold were included in AIC. .....................51 
Table 10  Factors remaining after MFA to explore home range using Akaike’s 
Information Criterion. Factors in bold were included in AIC. ....................................51 
  
viii 
LIST OF FIGURES 
 PAGE 
Figure 1  Expected Residency Index distribution of individual fish. This is the 1/3 
“stay”, 1/3 “go”, 1/3  “in the middle” model developed based  on the authors’ 
previous experience. ....................................................................................................18 
Figure 2  Expected home range – fish size relationships based off of experimental 
(Kramer and Chapman) and theoretical (energetic requirements) expectations. 
All home ranges were treated as circles and the diameters were the lengths to 
match Kramer and Chapman’s methodology. Kramer and Chapman used 
Home Range length assuming areas of home ranges were circular, and length 
was the diameter. We treated observed home ranges similarly to compare 
observed data to their predations. ................................................................................18 
Figure 3 Distribution of Residency Indexes after 10,000 resamples. All bins were 
significantly different than the expected 1/3 “stay”, 1/3 “go”, 1/3“in the 
middle” bins (p-value for 0.8-1 bin = 0, 0.2-0.8 bin = 0.39, 0-0.1 bin = 0). 
There were less fish than expected in the 0-20% bin and more fish than 
predicted in the 20-80% and 80-100% bins. ................................................................26 
Figure 4   Distribution of Residency Indexes for fish within the four investigated 
categories after 10000 resamples. All distributions varied significantly from 
the expected model distribution (p-values for generalist predators (A): 0.8-1 
bin = 0, 0.2-0.8 bin = 0, 0-.1 bin = 0.1935, for obligate predators (B): 0.8-1 
bin = 0.0124, 0.2-0.8 bin = 0.986, 0-0.1 bin = 0, for tropical fishes (C): 0.8-1 
bin = 1, 0.2-0.8 bin =  0.0011, 0-0.1 bin =0, for temperate fishes (D): 0.8-1 bin 
= 0, 0.2-0.8 bin = 0.584, 0-0.1 bin = 0.5292)...............................................................27 
Figure 5  Comparison of Residency Index as it varies for species with large samples. 
Note the even distribution of species within the 0.9-1 Residency Index bin 
(mean of 47% of all individuals within a species were in this 90-100% bin), 
and the large variation in species representation and abundancy in the 
remaining bins. These two categories, 0.9-1 and all the other bins, create the 
“stay” and “go” categories. ..........................................................................................28 
Figure 6  Observed data compared to expected home range size – fish size 
relationship. The slope of both the univariate and partial regression differ 
significantly from both the Kramer-Chapman (univariate p-value = 6.51e-5, 
partial p-value = 1.0927e-102) and the Energetic relationships (univariate p-
value = 6.51e-5, partial p-value = 1.0924e-102). The partial regression 
resulted in a nearly flat line indicating little, if any relationship. ................................30 
Figure 7  Observed Home Range Size sorted by species. Notice that the groupings are 
very strong but home range does not increase with the maximum length of a 
species. .........................................................................................................................31 
 
  
ix 
ACKNOWLEDGEMENTS 
 This work would not have been possible without the support of my advisors, friends, 
and family who spent countless hours listening to me talk about fish movement and read 
draft after draft of the unpolished versions of this thesis. Additionally, I need to acknowledge 
my dog, Ozzi, was also instrumental in the creation of this research as a much needed method 
of de-stressing.  
  
10 
LARGE SCALE PATTERNS IN MARINE FISH 
HABITAT USE AS DETERMINED FROM A 
META-ANALYSIS OF ACOUSTIC 
TELEMETRY STUDIES  
INTRODUCTION 
Marine spatial planning efforts, in particular marine protected areas (MPAs), rely on our 
ability to predict how fish move relative to the boundaries intended to protect them 
(Botsford et al. 2003, Palumbi 2004).  Such predictions inform the spectrum of 
management actions, ranging from primarily conservation concerns related to fish fidelity 
within particular MPAs, to fisheries management questions about spillover of target 
animals from an MPA to nearby fishable areas. As the use of spatial management 
strategies increases around the world (Douvere 2008, Katsanevakis et al. 2011), 
information is increasingly needed on animal movement and site fidelity for more and 
larger areas. Our current understanding of fish movement relies almost entirely on local 
studies, historically investigated using tag and recapture (Lowe and Bray 2006), with 
results extrapolated to beyond the study area (see Robichaud and Rose 2004).  
Site fidelity indices have traditionally been associated with territorial and home ranging 
behaviors, but also are relevant to describe several other ecological processes (Giuggioli 
and Bartumeus 2012). Site fidelity has implications for behavioral mechanisms for 
selecting habitats, for optimal foraging theory, and behavioral niche partitioning 
(Charnov 1974, Bartuemeus et al 2010). Frequently occupied habitats convey a potential 
advantage to organisms as individuals become familiar with them – familiarity leads to 
potential dominance for resources, knowledge of spatial, daily, and seasonal variations, 
and an enhanced ability to avoid predation (Warkentin and Hernández 1996, Baker 1978, 
Shields 1982). Understanding site fidelity on a mechanistic level across species can 
provide insights into the selective responses and pressures that may vary by species. For 
spatial management, which relies on organisms being within a protection zone, site 
fidelity can impact how often an organism is protected. An organism that leaves a 
protected area frequently may receive less protection than an organism that leaves less 
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frequently, depending on a variety of factors, including how long it spends outside the 
reserve and the extractive effort and environmental quality in the areas that it travels to 
(Kenchington 1990).  
The area an organism uses frequently is known as its “Home Range.” Home Range is 
traditionally expressed as the area in which an organism spent 95% of its time (Seaman 
and Powell 1996), and may or may not contain a territory within it that is actively 
defended (Grant 1997). Ecologically, an organism’s home range can indicate the quality 
of the habitat. Habitats with many resources may allow for smaller home ranges as 
energetic demands can be met with minimal foraging (Kramer et al. 1997). Home ranges 
of non-migratory, “resident” species must balance not only energetic needs, but also 
reproductive requirements; for territorial fish, or fish that brood, a lower quality habitat 
with high breeding potential may be more valuable (Grant 1997). Individual’s use of their 
home ranges varies depending on the “goal” of the area – in the above example, an 
organism may only exploit the breeding habitat for a small portion of the year. Individual 
ranges may also be influenced by a variety of tradeoffs, for example fish must balance the 
risk of predation with the need to forage (Polivka 2011). Management efforts aimed at 
protecting habitats often assume that spatial protection equals home range protection 
(Kenchington 1990), yet an individual with a Home Range that is only partially protected 
is more vulnerable than an organism with the entirety of its Home Range within a 
protected boundary. 
Acoustic telemetry involves the use of ultrasonic transmitters attached to, or implanted in, 
individual organisms that transmit signals to dedicated receivers (Lowe and Bray 2006). 
Transmitters emit signals at unique frequencies, allowing for individual identification of 
fish. Transmitters range in size and need to be appropriately sized for the fish in question; 
transmission strength varies greatly with tag size, so larger species, with larger 
transmitters, will be detected from a further distance than smaller species, with small 
transmitters. Since transmission range is relatively local, the majority of species targeted 
for telemetry have historically been what we will call “resident” species. Resident species 
are species that are habitually encountered at local sites; these species are generally 
expected to have high site fidelity and rather stable home ranges. Highly mobile species, 
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such as sardines, would not be resident while less mobile species, such as blue rockfish, 
are.  
Once target species have been tagged with the transmitters, signals are detected and 
recorded by specific receivers.  Receivers are used manually by researchers tracking 
signals from aboard a boat, called ‘active’ tracking (Voegeli et al 2001, Winter 1996), or 
deployed on the seafloor or buoys where they pick up signals as tagged organisms swim 
within detection range, ‘passive’ tracking (Winter 1996, Heupel et al 2006). Active 
tracking has a functional range based on the proximity of the towed hydrophone relative 
to the tagged organism; researchers need to maintain a certain distance from a target in 
order to receive signals. When passively tracking, the placement of receivers in an 
“array” greatly impacts the area over which fish transmissions are received. Array 
configuration varies depending on the research question; grid-like arrays are useful for 
answering questions of habitat use over an area such as a coral reef, whereas linear 
arrays, when positioned in sequence, are effective at answering movement questions, 
such as if a species goes in or out of an estuary. No matter the type of receivers, ranges 
vary greatly with local water conditions (Simpfendorfer et al 2008). Habitat factors can 
greatly alter the reliability of reception (Lindholm et al 2009), where organism 
interactions with seafloor topography sometimes impede “line of sight” detection. In spite 
of inherent topographic limitations, acoustic monitoring can be used to address a variety 
of questions in a variety of locations (See Heupel et al 2006 for review of acoustic 
monitoring techniques).  
 
Data obtained from acoustic telemetry is primarily presence/absence data. Each 
individual fish has a tag which, when detected, indicates presence.  Some tags can also 
send the depth, water temperature, acceleration, and heart rate of the individual to the 
receiver. When detecting passively, arrays configured with overlapping receivers can 
allow for geolocation of a fish. When detecting actively the location is always within a 
certain range from the towed hydrophone. Over a study period, which is limited by tag 
battery life, the movements of individual fish within the array can be recorded at a very 
fine temporal scale – for ease of analysis researchers often use a day as their unit of time, 
but smaller units of night/day or even hourly have been used (Lindholm et al 2006). 
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Acoustic monitoring is well suited to answering questions regarding habitat utilization 
(Heupel et al 2006). When focused on resident - i.e. primarily local - species, telemetry is 
a powerful tool appropriate to the scale and life style of a large variety of species (Lowe 
and Bray 2006). It can be applied to extremely local scales, such as a Bryars et al (2012) 
study of Western blue grouper (Achoerodus gouldii) along a small strip approximately 
1km stretch of the Australian coast. It also works at large scales; Lindholm et al (2010) 
examined California Sheephead (Semicossyphus pulcher) movements around the entirety 
of Anacapa Island (CA) – approximately 123 km of shoreline. Telemetry is also effective 
across a variety of time scales; Starr et al (2002) examined movements of bocaccio 
(Sebastes paucispinis) and greenspotted rockfish (S. chlorostictus) over a small, three-
month time period while Mason and Lowe (2010) tracked barred sand bass (Paralabrax 
nebulifer) for an entire year.  These long term studies enable researchers to address 
questions about seasonality and generational habitat use (Starr et al 2007, Schmidt 2004). 
Despite these advantages, long-term studies are relatively rare as they are expensive and 
contain complicated logistics (Kilfoyle and Baggeroer 2000, Heupal et al 2005).   
Habitat use is traditionally measured in one of two ways: the amount of time spent at, or 
the tendency to return to, a previously occupied location (= Site Fidelity) (Switzer 1993) 
or the spatial extent of activities at a location (= Home Range) (Hayne 1949). These two 
measures work in concert with one another to describe an organism’s habitat use. In a 
management context both measures are crucial: an organism with a large home range 
which spends a portion of each day within a protected boundary, even if it’s only a small 
area, will experience protection differently than an organism with a small home range but 
a low, unpredictable fidelity in the protected site. The proliferation of telemetry studies 
around the world -- encompassing many species from multiple feeding guilds across 
widely variant geographical locations --provides an unprecedented opportunity to ask 
questions about fish movement at scales much greater than any individual study. Meta-
level analyses in other systems have allowed for examination of similarly broad scale 
questions with notable results: investigations of community level patterns using 
Diamond’s assembly rules model, which predicts niche partitioning in stable community 
assemblages as a product of competition, showed results consistent with predictions, as 
co-occurrence of species was lower than random (Gotelli and McCabe 2002), and a meta-
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analysis of fragmentation in plant communities revealed that pollinator mutualisms were 
the primary factors behind many species population declines (Aguilar et al 2006). Both of 
these studies investigated large scale ecological questions by compiling available data.  
Building on these successes, we conducted a meta-analysis of published telemetry studies 
to explore broad patterns in fish site fidelity and home range, and the major biological 
and ecological factors that drive those patterns. Specifically, we predicted that fishes 
across the study would evidence a distribution of site fidelity where 
1
3
 “stayed” at a site, 
1
3
  
left a site, and 
1
3
 were at the site sporadically. We also predicted that there would be a 
positive relationship between body size and home range area.  Investigating both of these 
measures allows for a comprehensive examination of both the temporal and spatial 
aspects of site fidelity.    
METHODS 
We selected 26 acoustic telemetry studies from eight (8) different oceanic regions (Table 
1) based on similarity of methods and reporting of results.  To find papers we accessed 
multiple databases, including Web of Science and Google Scholar. Search terms included 
“site fidelity”, “residency”, “home range”, and “acoustic telemetry”.  All studies included 
in the analysis used acoustic telemetry to study fish habitat use.  We only included papers 
using VEMCO tags and receivers (VEMCO Limited, Shad Bay, Nova Scotia) in an 
attempt to standardize data collection methods across studies. In total we included data 
from 38 separate species of fish from 24 different genera and a total of 384 individuals 
with site fidelity values. The studies included seven habitat types: Coral Reefs, Rocky 
Reefs, Rocky Bottoms, Sandy Bottoms, Seagrass Beds, Seamounts, and Artificial Reefs. 
Rocky Reefs were rocky structures isolated from other rock substrate – such as rocks 
amid sand – while Rocky Bottoms were non-isolated rocky substrates (i.e., boulder fields, 
rocky ledges, etc.). The Artificial Reefs from Lowe et al (2009) and Lino et al (2011) 
included an oil platform and a ship wreck, respectively.  
Given the two separate approaches to measuring habitat use described above, we 
included two measures:  Residency Index (RI), and Home Range (HR). The Residency 
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Index was a measurement of site fidelity and was calculated as the proportion of days an 
organism spent at a location. Its values range from 0 to 1, with a value of 0 indicating an 
organism that spent 0% of the time at a site, and a value of 1 indicating that the organism 
was present for 100% of a study period. Paper study periods began the first day of 
tagging and lasted either to the end of a predetermined period (i.e. season  - as in March 
2010 with a period of 36 days) or the battery life of the tag (approximately 280 days in 
the majority of the studies, but dependent on tag size). Papers measuring site fidelity were 
included if they calculated a Residency Index using passive acoustic telemetry with units 
of “days at site”. Papers that did not report total days of study were excluded. Papers 
reporting individual values required a data table of values, rather than a visual 
representation such as the At Liberty plots common to many studies.  
Home Range was a measure of area, or location size, calculated as the 95% Kernel 
Utilization Distribution (KUD). The KUD represents the places within a study site where 
there was a 95% probability of detecting an organism.  Home Range papers using either 
active or passive acoustic telemetry were included, allowing for a finer resolution of 
home range data. All Home Range papers selected included individual values of Home 
Range for each fish. Units from Home Range papers were all converted to m2 for 
analysis.  
The two habitat use metrics resulted in two distinct datasets, which we called our 
“observed” datasets; an Observed Residency Index dataset, and an Observed Home 
Range dataset. The Observed Residency Index dataset had a total of 384 individual fish, 
from 22 different species. A subset of this data including only those species with larger 
sample sizes (n > 11) was used to investigate patterns across species. This is the “Large N 
Subset”. The Observed Home Range dataset was smaller than the Observed Residency 
Index data, with a total of 67 observations from eight different species. This dataset was 
used for all the home range analyses. 
Testing against predictions 
 
We compared our Observed Residency Index dataset to a hypothesized distribution of 
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movement patterns based on prior expectations for tagging fish, which was based on 
experience and consistent with published literature (e.g,. Robichaud and Rose 2004). The 
hypothesized distribution assumes that 
1
3
 of fish “stay” (RI > 0.8), 
1
3
 of fish “go” (RI < 
0.2) and  
1
3
 of fish do something else (0.2 < RI < 0.8) (Figure 1) over a long period of 
time. This hypothesized pattern assumes that the “site” size is appropriate to the scale of 
movements of a particular species. Since we only used data reported as days at a site, fine 
scale movements of fish such as day-night movements were not addressed. 
 
To examine the Residency Index of individual fish we resampled the Observed 
Residency Index data ten thousand times with replacement to create ten thousand 
replicates of an observed Residency Index distribution. The number of occurrences at or 
above the hypothetical Residency Index frequency for each of the three bins within each 
replicate was calculated. The fraction of the distribution above the observed frequency is 
an exact estimate of the probability of seeing that frequency or larger by chance (i.e., an 
exact p-value). 
 
In addition to resampling the entirety of the dataset, we resampled the Observed 
Residency Index data using only specific groups of fish based on feeding strategy and 
regional productivity to compare individual Residency Indices between various groups of 
fish regardless of species. We grouped fish into Generalist or Obligate predators and 
Tropical or Temperate fish and generated four small datasets. Generalist predators are 
predators that consume at least three different prey items as reported by Fishbase 
(zoobenthos, nekton, plants, etc.). Obligate predators consumed only one type of prey 
item. Tropical and Temperate fish were categorized based on the geographical location of 
the study. These small datasets were investigated using to see if Residency Indices 
differed between these categories.  
 
We used the Large N Subset of the Observed Residency Index data to compare site 
fidelity across different species. Because the data allowed for a finer resolution than the 
large 
1
3
 model bins, the frequency of occurrence within 0.1 sized Residency Index bins for 
  
17 
each species was determined and that frequency was weighted based on the number of 
species in a sample producing a fractional time in that group per fish. For example, 13 
blue rockfish (Sebastes mystinus) had Residency Indices in the 90-100% of the time bin. 
This value was then divided by the total number of individual Blue Rockfish (21) to 
result in a value of 0.619.   Weighting in this manner allowed for a direct comparison of 
Residency Index frequencies across species with differing numbers of individuals.  
 
We tested the Observed Home Range data against two predictive equations that assume 
Home Range size is impacted by organism size (McNab 1963). Both equations predicted 
home range size based on fish length. The first equation was based on Kramer and 
Chapman (1999), which investigated the home range/size relationship across multiple 
coral reef species. Their equation based on a regression of observed data is  𝑙𝑜𝑔10𝑦 =
−3.75 + 2.35𝑙𝑜𝑔10𝑥 , where y is mean home range length (m) and x is mean fork length 
(mm) (Figure 2). The second equation predicts home range/size relationship from an 
energetic standpoint based on McNab’s work . In this model, the energy “in” represents 
home range size (m2) and the energy “out” is the volume of the organism (m3). The 
energetic equation is 𝑙𝑜𝑔10𝑦 = 1.5𝑙𝑜𝑔10𝑥 , where y is home range size (m) and x is total 
length (m) (Figure 2).  
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We compared a regression of the observed data to the two hypothetical Home Range – 
Length relationships to test the difference between the observed Home Range values and 
the theoretical predictions using two Student’s T-Tests. A partial regression, along with a 
 
Figure 1  Expected Residency Index distribution of individual fish. This is the 1/3 “stay”, 1/3 “go”, 1/3  “in 
the middle” model developed based  on the authors’ previous experience.  
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Figure 2  Expected home range – fish size relationships based off of experimental (Kramer and 
Chapman) and theoretical (energetic requirements) expectations. All home ranges were treated as 
circles and the diameters were the lengths to match Kramer and Chapman’s methodology. Kramer and 
Chapman used Home Range length assuming areas of home ranges were circular, and length was the 
diameter. We treated observed home ranges similarly to compare observed data to their predations.  
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univariate regression, was performed to account for variance explained by variables 
included in our large dataset.  We used the predicted Home Range values as the null 
hypotheses.       
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Table 1  Species, data type, and sources included in this study. A  is the type of value reported in paper. 
Averaged Residency Index (RI) values were reported per species, as calculated by the authors. Individual 
Residency Index and Home Range values were reported for individual fishes within the studies. For model 
comparison, species reported as individual values were averaged so all species could be included in AIC 
analysis. 
Common Name Scientific Name 
H
o
m
e
 
R
an
ge
 
In
d
ivid
u
al 
R
I 
A
ve
rage
 R
I 
Source 
African Hind 
Cephalopholis 
taeniops    Lino et al 2011 
Annular Seabream Diplodus annularis    March et al 2011 
Atlantic Cod Gadus morhua    Lindholm et al 2007 
Barred Sand Bass Paralabrax nebulifer   Mason and Lowe 2010 
Black Grouper Mycteroperca bonaci    Lindholm et al 2005,  (Unpublished) 
Blue Parrotfish Scarus coeruleus    Lindholm et al 2006,  (Unpublished) 
Bluespine 
Unicornfish Naso unicornis    Marshell et al 2011 
Bocaccio Sebastes paucispinis    Lowe et al 2009 
Brown Meagre Sciaena umbra    Alos and Cabanellas-Reboredo 2012 
Cabezon 
Scorpaenichthys 
marmoratus    Lowe et al 2009 
California 
Sheephead 
Semicossyphus 
pulcher    Lindholm et al 2010, Topping et al  2006 
Dusky Grouper 
Epinephelus 
marginatus    Afonso et al 2011 
Gilthead Seabream Sparus aurata    Abecasis and Erzini 2008 
Grey Reef Sharks 
Carcharhinus 
amblyrhynchos    Barnett et al 2012 
Hogfish 
Lachnolaimus 
maximus    Lindholm et al 2006(1),  (Unpublished) 
Lingcod Ophiodon elongatus   Greenley 2009, Lowe et al 2009 
Mediterranean 
Parrotfish Sparisoma cretense    Afonso et al 2008, La Mesa et al 2012 
Ocean Whitefish Caulolatilus princeps    Bellquist et al 2007 
Orangespine 
Unicornfish Naso lituratus    Marshell et al 2011 
Painted Comber Serranus scriba    March et al 2010 
Princess Parrotfish Scarus taeniopterus    Lindholm et al 2006 
Rockfish - Blue Sebastes mystinus   
Green et al 2014, Jorgensen et al 2006, 
Lowe et al 2009 
Rockfish - Brown Sebastes auriculatus    Lowe et al 2009 
Rockfish - Copper Sebastes caurinus    Lowe et al 2009 
Rockfish - Flag Sebastes rubrivinctus    Lowe et al 2009 
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Rockfish - 
Greenspotted Sebastes chlorostictus    Lowe et al 2009, Starr 2002 
Rockfish - 
Greenstriped Sebastes elongatus    Lowe et al 2009 
Rockfish - Mexican Sebastes macdonaldi    Lowe et al 2009 
Rockfish - Rosy Sebastes rosaceus    Lowe et al 2009 
Rockfish - Starry Sebastes constellatus    Lowe et al 2009 
Rockfish - 
Vermilion Sebastes miniatus    Lowe et al 2009 
Rockfish - Widow Sebastes entomelas    Lowe et al 2009 
Silvertip Sharks 
Carcharhinus 
albimarginatus    Barnett et al 2012 
Tautog Tautoga onitis    Arendt et al 2001 
Treefish Sebastes serriceps    Lowe et al 2009 
Western Blue 
Groper Achoerodus gouldii    Bryars et al 2012 
Whitetip Reef 
Sharks Triaenodon obesus    Barnett et al 2012 
Yellowtail Snapper Ocyurus chrysurus    Lindholm et al 2005 
Yellow Tang Zebrasoma flavescens    Claisse et al 2011 
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Model Comparison: Examining factors related to site fidelity 
 
To investigate emergent patterns in site fidelity we examined the observed Residency 
Index and Home Range values in relation to a variety of habitat, physiological, and life 
history metrics (Table 2). Habitat metrics included study location, primary and secondary 
habitats at study site, environment (from literature), the recorded depth range, and 
primary and secondary habitat (from literature). Physiological metrics included max 
length, max weight, length at maturity, and max age. Life history metrics included prey 
items, spawning strategy, and reproductive method.   
 
Metrics were gathered primarily through the use of Fishbase (Froese and Pauly 2014). 
Where Fishbase did not have information, we used secondary sources such as the IUCN 
database or general Google Scholar. Stomach content studies were unavailable for some 
species (African hind, Cephalopholis taeniops) so we used information from recreational 
fishing or aquarium diets [See Database]. 
 
Table 2  Variables examined in relation to habitat use. Data were gathered from published literature, 
using Fishbase as a starting point and supplementing with additional literature where necessary [See 
Database]. 
Physiology  Life History  Habitat 
Genus 
Species 
 
 
 
 
Age   Reproduction  From Literature 
Max  Hermaphrodite?  Depth (max) 
At Maturity   Polygamous  Primary Habitat 
Length (TL)  Spawning Type  Secondary Habitat 
Max (study data)  Sex   Location within water column  
Max (literature)  Feeding  From Study Site 
% Max measured  Guild  Primary Habitat 
at Maturity   General or Obligate  Secondary Habitat 
Weight  Prey Mobility  Ocean 
Max   Herbivore  Region 
    Ave. Summer Temperature  
    Ave. Winter Temperature 
    Primary Production 
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We used a multivariate factor analysis approach to reduce the number of variables using 
the Tanagra data mining package software (Rakotomalala 2005). Factors are linear 
combinations of variables that explain variance components in the original dataset. They 
are similar to Principal Components but incorporate categorical variables and are created 
from a simple linear equation using all of the possible predictors (Eq. 1, 2). Factors were 
ordered from those explaining the most to the least variance in the original data and the 
top five were examined. We selected variables within the top five factors if they 
explained more than 8% of the variance in the data, and if they significantly influenced 
the factor of which they were a part. The 8% value was selected based off of 
Rakotomalala’s methods as well as the particular distribution of explained variance by 
our variables. Variables were considered “significant” if they 1) had an eigenvalue higher 
than the critical value (as calculated from Karlis et al 2003), 2) a row (i.e. within factor) 
percentage higher than 1/p (maximum number of factors) and 3) a column (i.e. among 
factors) percentage higher than 1/q (the number of variables in the study) (Rakotomalala 
2013).   
 
We compared linear models with the selected variables to determine whether or not site 
fidelity is correlated with habitat, physiological, or life history metrics using Akaike’s 
Information Criterion (AIC).  All models included in AIC were generalized linear 
models, using site fidelity as the response variable. The resulting models were similar to 
Equation 3, where y is the vector of site fidelity observations, β is fixed effects, and ϵ is 
an error term. Equation 4 is an example model, where the only significant effects are 
habitat type, food preferences, depth, and body size. Model coefficients were estimated 
after weighting by one over the sample size using the “glm” package in R Statistical (R 
Core Team 2015). None of the models investigated included interaction terms.  
 
Equation 1   Simple linear equation with no interaction terms 
𝑦 = 𝑎𝑥2 + 𝑏𝑥2 + ⋯ 𝑧𝑥𝑛 +  𝜖 
Equation 2  Factor created based on that equation 
𝑦 = ∑ 𝐹𝑎𝑐𝑡𝑜𝑟𝐴 +  𝜖 
 
Equation 3 Framework for models included n AICEquation 4   Simple linear equation 
with no interaction terms 
𝑦 = 𝑎𝑥2 + 𝑏𝑥2 + ⋯ 𝑧𝑥𝑛 +  𝜖 
Equation 5  Factor created based on that equation 
𝑦 = ∑ 𝐹𝑎𝑐𝑡𝑜𝑟𝐴 +  𝜖 
 
Equation 6 Framework for models included in AICEquation 7   Simple linear equation 
with no interaction terms 
𝑦 = 𝑎𝑥2 + 𝑏𝑥2 + ⋯ 𝑧𝑥𝑛 +  𝜖 
Equation 8  Factor created based on that equation 
𝑦 = ∑ 𝐹𝑎𝑐𝑡𝑜𝑟𝐴 +  𝜖 
 
Equation 9 Framework for models included in AICEquation 10   Simple linear equation 
with no interaction terms 
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The relative importance of factors was calculated by comparing the combined weights of 
all models which incorporated these factors. Model comparison was done on the species 
using all of the available data where site fidelity was averaged across all individuals from 
each species. This allowed us to incorporate additional papers to our dataset that only 
reported average value for a species.  
Important factors for Residency Index were identified using Multiple Factor Analysis 
(Appendix A, Table 1). Important factors for Home Range identified using Multiple 
Factor Analysis reduced the number of life history and environmental factors examined 
to 16 factors. After initial elimination, additional factors were eliminated: Max Length 
Measured (was intrinsic to the Percent Maximum factor), Environment (too general to be 
interpreted ecologically), and Age Max (correlated strongly with Length). We examined 
the remaining variables after Multiple Factor Analysis using Generalized Linear Models 
in AIC (Appendix A, Table 2).  
RESULTS 
Testing against predictions  
RESIDENCY INDEX 
Individual fish Residency Index data from twenty separate fish species had a dramatically 
different distribution than predicted (Figure 3). The expected Residency Index of 
1
3
 of the 
population between 0-0.2 RI, 
1
3
 between 0.2-0.8, and 
1
3
 between 0.8-1 was not observed. 
Re-sampling the data to test the frequency of divergence from the expected model 
produced a significantly different residency index distribution from expected for the low 
and high residency bins (p-value for 0-20% bin = 0 [none of the distributions were at or 
Equation 12 Framework for models included in AIC 
𝑦 = ∑(𝑛𝑋)𝛽 +  𝜖 
Equation 13    Example model 
𝑆𝑖𝑡𝑒 𝐹𝑖𝑑𝑒𝑙𝑖𝑡𝑦 = ℎ𝑎𝑏𝑖𝑡𝑎𝑡 𝑡𝑦𝑝𝑒 + 𝑓𝑜𝑜𝑑 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝑑𝑒𝑝𝑡ℎ + 𝑏𝑜𝑑𝑦 𝑠𝑖𝑧𝑒  
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above the expected value], p-value for 20-80% bin = 0.39, p-value for 80-100% bin = 0 
[none of the distributions were at or below the expected value]). Grouping the data into 
categories of fish (e.g. Generalist vs. Obligate predators and Tropical vs. Temperate 
species), did not follow the expected pattern; all distributions were significantly different 
than expected in at least one category (Figure 4).  
Comparing across species (including only species with larger sample sizes - 14 species 
with sample sizes ranging from 11 to 65) a more binary pattern of site fidelity was 
observed. Instead of the expected “thirds” model, across all species the decision was 
essentially a “stay” vs. “go” decision. We observed that a remarkably even spread of 
individuals across all species “stayed” (RI .9-1: mean of 0.47, variance 0.07; Figure 5). 
Once the decision to “go” was made, the time spent away from site varied across species 
and individuals in a uniform manner. Examining the correlation between bins in the “go” 
category revealed that the choice to go is essentially random (Table 3) – a tendency to 
“go” 70% of the time was not accompanied by reduced tendency to go 30%, for example. 
The only strong pattern was that all species had a large percentage remain within the 
“stay” 0.9-1 RI bin. 
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Figure 3 Distribution of Residency Indexes after 10,000 resamples. All bins were significantly different 
than the expected 1/3 “stay”, 1/3 “go”, 1/3“in the middle” bins (p-value for 0.8-1 bin = 0, 0.2-0.8 bin = 
0.39, 0-0.1 bin = 0). There were less fish than expected in the 0-20% bin and more fish than predicted in the 
20-80% and 80-100% bins. 
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Figure 4   Distribution of Residency Indexes for fish within the four investigated categories after 10000 
resamples. All distributions varied significantly from the expected model distribution (p-values for 
generalist predators (A): 0.8-1 bin = 0, 0.2-0.8 bin = 0, 0-.1 bin = 0.1935, for obligate predators (B): 0.8-1 
bin = 0.0124, 0.2-0.8 bin = 0.986, 0-0.1 bin = 0, for tropical fishes (C): 0.8-1 bin = 1, 0.2-0.8 bin =  0.0011, 
0-0.1 bin =0, for temperate fishes (D): 0.8-1 bin = 0, 0.2-0.8 bin = 0.584, 0-0.1 bin = 0.5292). 
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Figure 5  Comparison of Residency Index as it varies for species with large samples. Note the even 
distribution of species within the 0.9-1 Residency Index bin (mean of 47% of all individuals within a 
species were in this 90-100% bin), and the large variation in species representation and abundancy in 
the remaining bins. These two categories, 0.9-1 and all the other bins, create the “stay” and “go” 
categories.  
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Table 3  Significance of Correlations between bins within a species in the “go” group with p-values 
(bold values with * are significant).  Note the overwhelming number of non-significant correlations, 
indicating that no clear pattern of movement exists in any species.   
 Significance of Correlations 
 
  0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80%   
 
0-10%                 
 
10-20% 0.316               
 
20-30% 0.900 0.095             
 
30-40% 0.498 0.199 0.933           
 
40-50% 0.303 0.257 0.742 0.049*        
 
50-60% 0.628 0.435 0.963 0.319 0.290      
 
60-70% 0.967 0.394 0.097 0.767 0.540 0.672     
 
70-80% 0.374 0.480 0.766 0.050* 0.122 0.088 0.608   
 
80-90% 0.746 0.799 0.513 0.456 0.521 0.716 0.633 0.533  
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HOME RANGE 
The observed home range data did not follow either of the predicted models (Figure 6). 
The observed partial regression line had a nearly flat slope (35m2/mm) while the 
predicted models had steep positive slopes. The observed slope generated from the 
univariate regression differed significantly from the expected lines (p-value = 6.51e-5 for 
Kramer Chapman equation, p-value = 6.51e-5 for Energetic equation).  When the 
additional variance in the data was removed using a partial regression the relationship 
was still significantly different than expected (p-value = 1.0927e-102 for Kramer 
Chapman equation, p-value = 1.0924e-102 for Energetic equation) (Figure 6). In general, 
the relationship observed had a nearly flat slope, indicating that no relationship is present. 
Subsequent investigations with a larger, more diverse dataset should examine the 
importance of habitat quality, as well as life history characteristics, to the home 
range/size relationship.   
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Since the observed relationship between home range and body length did not support 
either model, and the data suggested the species cluster (Figure 7), an ANOVA was 
performed to examine the relationship between species and home range (Table 4). This 
relationship was much stronger than the home range vs. length relationship, with an R 
squared of 0.937.  
 
 
 
 
Figure 6  Observed data compared to expected home range size – fish size relationship. The slope of 
both the univariate and partial regression differ significantly from both the Kramer-Chapman 
(univariate p-value = 6.51e-5, partial p-value = 1.0927e-102) and the Energetic relationships 
(univariate p-value = 6.51e-5, partial p-value = 1.0924e-102). The partial regression resulted in a 
nearly flat line indicating little, if any relationship.  
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Table 4  ANOVA output for Home Range (m2) vs. Species. Species was highly significant.  
  Df Sum Sq Mean Sq F value Pr(>F)  
Species 6 6.43E+12 1.07E+12 150.14  < 2.20E-16 *** 
Residuals 54 3.86E+11 7.14E+09      
       
R2 = 
0.937  
 
Univariate Equation:  
Home Range m2 = 358762 – 488.94 * 
TL(mm) 
Partial Regression Equation:  
Home Range m2 = 170052.2 + 35.08 * 
TL(mm) 
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Model Comparison: Examining factors related to site fidelity 
RESIDENCY INDEX 
Investigations into factors that predict site fidelity produced different results for 
Residency Index and Home Range. The Residency Index investigation indicates that size, 
temperature, and feeding guild are most important in determining fish site fidelity as they 
are included in the best performing models as ranked by AIC (Table 5). The summed 
weights of models with these factors were calculated to examine which of the factors had 
the most impact (Table 6). This table reveals that the impact of “Age Max” is negligible, 
despite its presence in the majority of best performing models; Age Max contributes just 
enough to make model’s AIC values high, but the actual importance of that factor is 
small.  As for the “size” factor, a combination of a study organism’s size and maximum 
size (which is Percent of Max Measured length), and size at maturity influence site 
fidelity the most.    
 
Figure 7  Observed Home Range Size sorted by species. Notice that the groupings are very strong but 
home range does not increase with the maximum length of a species.  
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Table 5  AIC results showing best model for predicting Residency Index (RI). delAIC is delta AIC and 
AICw is weight. The “best” model has a combination of the lowest delta AIC and highest weight.  “df” is 
degrees of freedom, AIC is the raw AIC score, AICc is the AICc value, delAIC is the delta AIC and AICw 
is the AIC weight. The Evidence Ratio is a measure of evidence in support of the “best” model, as found in 
Burham and Anderson 2002.    
Factors in Models df AIC AICc delAIC AICw 
Evidence 
Ratio 
Age Max +  Percent Max Measured  3 
56.1
5 56.70 0.00 0.053 21.04 
Age Max + Percent Max Measured + Average Summer 
Temp. 4 
56.3
4 57.27 0.57 0.040 15.85 
Age Max 2 
57.1
4 57.41 0.71 0.037 14.77 
Age Max +  Percent Max Measured + Length at Maturity  4 
56.5
2 57.45 0.75 0.036 14.45 
Age Max + Percent Max Measured + General vs. Obligate 
Prey  4 
56.7
2 57.65 0.96 0.033 13.05 
Age Max + General vs. Obligate Prey 3 
57.6
0 58.15 1.45 0.026 10.18 
Age Max + Average Summer Temp. 3 
57.8
2 58.37 1.67 0.023 9.15 
Age Max + Percent Max Measured + Length at Maturity+ 
Average Summer Temp. 5 
56.9
9 58.42 1.72 0.022 8.91 
Age Max + Length at Maturity 3 
57.9
2 58.47 1.77 0.022 8.68 
Age Max + Percent Max Measured + Primary Production 4 
57.8
2 58.75 2.05 0.019 7.56 
Null 1 
62.7
1 62.79 6.09 0.003 1.00 
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Table 6  Summed weights of Residency Index (RI) models containing each factor. Most influential 
factors (based on weight and inclusion in top models) highlighted.  Note how Age Max has a low weight, 
even though it is included in the best performing models. 
Factor Summed Weight Factor Summed Weight 
Prey Mobility 0.180 Spawning Type 0.037 
% Max Length Measured 0.505 Hermaphrodite? 0.024 
General vs. Obligate Prey 0.267 Habitat at Study Site 0.004 
Primary Production 0.246 Guild 1.18E-08 
Length at Maturity 0.211 Species 8.38E-56 
Ave. Summer Temperature 0.128 Age Max 3.46E-115 
Depth Max 0.055   
 
Despite these results, the models themselves explain very little of the variance present in 
the data. None of the top models had a deviance squared of higher than 0.01 (ranging 
from 0.002-0.007). This indicates that the identified predictors are either weak predictors 
themselves, that the question of fidelity at a site may not be suited to the resolution of 
days, or that the size of the site itself may need to be standardized across studies.  
HOME RANGE 
Results from the AIC indicate that, on a species level, Home Range area is best predicted 
by reproductive mode, size, prey mobility, and habitat factors (Table 7, 8).  Home Range 
was impacted by size, reproductive strategy, prey mobility, and primary habitat. While 
this analysis does highlight length as an important factor, the relationship between length 
and Home Range remains unclear. As shown previously, expected models of the home 
range/size relationship did not fit the observed data. At a species level Length at Maturity 
is more useful than Max Length since the majority of individuals, including all 
individuals from this analysis, never reach maximum size.  
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Table 7  Results from AIC analysis of Home Range predictors based on averaged Home Range area. Best 
models are top two models. “df” is degrees of freedom, AIC is the raw AIC score, AICc is the AICc value, 
delAIC is the delta AIC and AICw is the AIC weight. The Evidence Ratio is a measure of evidence in 
support of the “best” model, as found in Burham and Anderson 2002. 
Factors in Models 
df AIC AICc delAIC AICw 
Evidence 
Ratio 
Hermaphrodite.  + SpawningType  + LengthAtMaturity..cm.  + 
HabPrimary + Depth.max..m. 9 
-
344.92 
-
340.18 0 0.004 1.99E+130 
Hermaphrodite.  + SpawningType  + PreyMobility  + 
LengthAtMaturity..cm.  + HabPrimary + Depth.max..m. 9 
-
344.28 
-
339.54 0.64 0.003 1.45E+130 
LengthPercentMaxMeasured  + GeneralVObligate  + 
LengthAtMaturity..cm.  + HabPrimary + AveSumTemp  + Depth.max..m.  
+ PrimaryProduction 10 
-
344.07 
-
338.13 2.05 0.001 7.14E+129 
LengthPercentMaxMeasured  + GeneralVObligate  + 
LengthAtMaturity..cm.  + HabPrimary + AveSumTemp  + Depth.max..m. 10 
-
344.07 
-
338.13 2.05 0.001 7.14E+129 
Null (1)   2 
259.6
0 
259.8
7 
600.0
5 
1.98E
-133 1.00E+00 
 
Table 8  “Summed” weights of models containing each factor. Most influential factors (based on 
weight and model selection) are highlighted 
Factor Summed Weight Factor Summed Weight 
Species 0.917 Prey Mobility 0.472 
% Max Length Measured 0.317 Primary Habitat 0.421 
Hermaphrodite? 0.532 Primary Production 0.377 
Spawning Type 0.519 Average Summer Temperature 0.323 
Guild 0.518 Depth Max 0.191 
General vs. Obligate 0.484 Average Winter Temperature 0.000 
Length at Maturity 0.478   
Unlike the Residency Index investigation, the top Home Range models explained a large 
percent of the variance in the data with Deviance squared above 0.92 in all cases (ranging 
from 0.926 – 0.93). This indicates that not only are the identified predictors associated 
with patterns in the data, but they may actually explain a large portion of home ranging 
behaviors. 
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DISCUSSION 
 
This study demonstrates that a high proportion of individual resident fishes (i.e. species 
appropriate for acoustic telemetry studies) remain at their sites – approximately 47% 
individuals within a species stayed nearly 100% of the time. These results imply that fish 
are more resident than predicted by our previous work on selected species and Robichaud 
and Rose (2004).  In addition, the size of a home range did not scale with body size as 
expected, in fact the slope of the observed data’s home range – length relationship was 
nearly flat.  Instead, the home range sizes varied only by species.  The model selection 
results for both site fidelity and home range size indicate that length at maturity (rather 
than overall body length), feeding guild, and reproductive ecology were correlated with 
habitat use metrics. The strength of the relationship between feeding guild, reproductive 
ecology, and habitat use was stronger in the Home Range models; the Residency Index 
models explained almost none of the deviance. Future studies should focus on behavioral 
and phylogenetic aspects of fish when investigating site fidelity. Researchers should also 
develop a uniform reporting methodology to allow for broad scale comparisons between 
studies – potentially through the development of an open source data repository.  
 
The distribution of Residency Indices was skewed towards 100% site fidelity. This result 
indicates that resident fish are indeed highly resident, to the point where the scale of 
many telemetry studies may be inappropriately large; all data for the Observed Residency 
Index dataset came from passive telemetry studies, which have an extremely large 
detection radius (~ 300m minimum). With multiple receivers, the overall coverage of 
arrays may be so large that it is unreasonable to expect resident fish to depart an array 
with a high degree of frequency. Current reporting of site fidelity results tends to be on an 
array basis, with attention only paid to a (?) specific receiver in special circumstances. If 
this array scale is too large when compared to a fish’s scale of movement, this level of 
reporting is inappropriate to answer habitat use questions and would result in nearly 
100% fidelity, as seen in this study. 
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The prevalence of large Residency Indices across all species could also indicate that our 
expected model, based on experience and consistent with published literature (e.g,. 
Robichaud and Rose 2004) itself was poor. Understanding what a residency index 
distribution would look like as a null model has, to our knowledge, not been attempted so 
perhaps our results were within the norm for fish not selecting their habitat. In the vast 
majority of telemetry studies, including those in this investigation, fish are captured at 
receiver locations. An expected detection frequency has not yet been determined for a 
randomly moving fish, when started near a receiver. Future work using this dataset will 
investigate this question by comparing observed results with simulated random walk data.   
 
Comparing the observed home ranges to the predicted relationships clearly indicated that 
species, rather than the length of an individual fish, was the determining factor in home 
range size. This is contrary to other research that shows that the energetic demands of a 
larger size require a larger home range (Harestad and Bunnell 1979). The size/energetic 
demands relationship is important, as indicated by model selection where length 
measurements were included in all top models, but is mediated by life history factors. 
Large fish do have higher energy needs, but may also be able to defend higher quality 
habitat from conspecifics (Lowe and Bray 2006). Previous research has shown that 
habitat quality, rather than body size impacts the territory size for many marine fishes 
(Grant 1997). These fish, with access to more resources within a space, may mitigate the 
length-home range relationship. Non-energetic demands may also impact home range 
size; the importance of habitat features for breeding, such as kelp stipes for California 
Sheephead (Semicossyphus pulcher), could reduce the space a larger organism occupies. 
This interpretation is supported by the results of model selection, where spawning 
strategy was an important factor. Fish which brood or guard nests have different home 
range requirements than broadcast spawners. In addition to breeding strategy, the need to 
avoid predators (perhaps though frequent movement), may increase the size of smaller 
organism’s home ranges. If a smaller organism is moving more often to have a both 
temporal and spatial predator refuge the resulting home range would be larger. 
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Similar to the Residency Index comparison, these home range results could be impacted 
by the inherent capabilities of the acoustic telemetry technology. Although extremely 
powerful, acoustic receivers are impacted by local geography and water conditions 
(Lindholm et al. 2009). The range of detection also varies dramatically with transmitter 
size, which may impact the detected home range of a species. In this study maximum 
home range was approximately 1.3 km2, which may have been an artifact of array size 
rather than an individual’s actual movements. Local water and habitat conditions can 
result in receiver blind spots, which can impact the perceived frequency of individual 
habitat use. Using active tracking rather than passive tracking can mitigate some of these 
limitations, but at the expense of spatial resolution.  
 
Model Selection results for the Residency Index models indicated that more generalized 
predators tended to have higher Residency Indices. The impact of feeding guild on 
residency behavior was not unexpected; more generalized predators have more prey 
available to exploit at a single location. This has been observed in marine environments 
with loggerhead turtles, where “site specialists” with high Residency at certain sites, 
consumed a high diversity of prey items (Thomson et al. 2012).  
 
The influence of average summer temperatures on Residency Indices shown by the AIC 
results could indicate a latitudinal effect on fish movement (coral reef fishes may have 
higher site fidelity than temperate fishes). This is unlikely however, as habitat was not an 
important factor based on model selection. Coral reefs and seagrass beds are restricted to 
warmer zones while rocky reefs in this dataset were strictly temperate.  Additionally, 
many studies took place in the same region but occurred at different times of the year, 
and therefore experienced different average temperatures. For example, Green et al 
(2014) and Greenley (2009) both took place in Carmel Bay, California, but had different 
average winter temperatures of 12.65°C and 13.1°C respectively.  The inclusion of 
temperature in the best performing AIC models indicates that temperature and/or the 
environmental changes associated with temperature may impact site fidelity behavior. As 
nearly all the species in the dataset were carnivores – only 5 herbivorous fish – the 
influence of temperature on site fidelity may indicate the movement of prey species. In 
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open ocean systems bait fish such as sardines are known to respond dramatically to shifts 
in water temperature (McFarlane et al 2005); the same could be true of prey species in 
coastal systems.  
 
Strong patterns in the site fidelity of marine fishes may exist across species and regions, 
but the resolution of the data and the attempt to combine data from widely varying array 
configurations and sites may have left them obscured. Further attempts to elucidate 
patterns should focus on a more narrow or precise dataset. The data included in this study 
is limited by the availability of published acoustic telemetry studies that reported data in 
ways we could incorporate into our analysis. These studies were overwhelmingly located 
in the northern hemisphere and conducted in developed or industrialized countries. The 
prevalence of telemetry tools along with the overall investment in scientific endeavors is 
greater in these countries so it is not unexpected that data availability would be biased 
towards these locations.  This bias also limited the diversity of species with available 
data. Some species, such as the African Hind (Cephalopholis taeniops), have been 
studied using telemetry but have little additional life history information. Basic ecology 
questions, such as their prey species, remain unknown as basic science has not been 
conducted in the countries where the fish resides. Another limitation of the data is the 
resolution with which the data was reported. The vast majority of telemetry studies 
dealing with site fidelity report data as a daily resolution. As a large dataset was needed 
to investigate larger patterns, we had to exclude studies which reported at a finer 
resolution (i.e., hourly or day/night bins) so that data would be uniform. A uniform data 
reporting methodology, or a large repository of raw data, would enhance future 
collaborations and data mining efforts.  
 
The best performing models in the AIC home range analysis included both the 
reproductive modes investigated in this study, Hermaphroditism and Spawning type (i.e., 
open water, benthic egg scatterer, or viviparous). Theoretically the spawning behavior 
and population structure impacts home range area as the energetic costs of competing for 
mates varies considerably depending on the reproductive mode (Wootton 1985). As 
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mentioned earlier, the importance of defending habitat for nesting or brooding may 
impacts the observed home range when compared to species that mass spawn. 
 
The impact of Prey Mobility on home range is less intuitive. The relationship shown in 
this dataset indicated that home range decreased with increased Prey Mobility. This may 
be because more mobile prey are likely to come within a smaller home range, while less 
mobile prey (i.e. plants) may be foraged out by grazers who need to move across a wider 
area to access their food source. This could be due to the specific species within this 
dataset; as previously mentioned the painted comber (Serranus scriba) had extremely 
large home ranges but ate only small benthic infauna and algae (March et al 2011). A 
more diverse dataset may show a different relationship; incorporating data from a wide 
range of feeding guilds and trophic levels, specifically specialist predators, would clarify 
the prey mobility-home range relationship.    
 
The influence of primary habitat on home range is also unclear. The models indicated 
that Coral Reef or a Rocky Bottom (note – not a Rocky Reef which mandates isolation 
from other rock types and high rugosity) primary habitats (as identified by Fishbase) are 
associated with differing habitat use. Coral Reefs are associated with large home ranges, 
whereas Rocky Bottoms had smaller ones. This may be due to the small number of 
species, and therefore replicates, per habitat type within the home range portion of the 
study (eight species total, four habitat types – Coral Reef, Rocky Reef, Rocky Bottoms, 
and Seagrass Beds). It could also be due to the island-like nature of many coral reefs 
requiring fish to move from one isolated patch to another vs. the more wide spread nature 
of “rocky bottoms” (which can encompass rocky reefs).  
 
From a conservation standpoint, the site fidelity results imply that the largest portion of 
resident fish populations “stay” at a site. For spatial management techniques (i.e., marine 
reserves) this implies that an appropriately sized reserve should protect even the more 
mobile of the resident species. If a species is known to be resident a substantial 
percentage of the population will have an extremely high residency (i.e., in the “stay” 
category) even if the average site fidelity is low. This highlights the inadequacy of using 
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the average site fidelity of a species to determine the impact of spatial management tools; 
knowing the proportion of the population expected to “stay” or “go” is more useful. 
Determining which factors are involved in the stay/go decision is therefore crucial for 
informed management – especially as spatial tools become more common as a catch all 
solution.  Individual variations in the ability to exploit resources within a site may be 
more important than species level characteristics, so managers should focus on 
maintaining heterogeneity in a population rather than managing for the average behavior 
of a species.  
 
The home range analysis comparing the observed data to the expected home range/size 
models indicated that the theoretical relationships were not supported. The energetic 
expectation was not supported (McNab 1963); no data was near the predicted values. The 
Kramer-Chapman empirically-derived relationship predicted values near the observed 
data, but had an opposite slope. Thus, our current understanding of home range behavior 
does not allow for an easy rule of thumb for conservation.  Life history characteristics 
mediate the energetic requirements of fish, resulting in species specific home ranges. 
Since resource exploitation appears key for both site fidelity and home range size, further 
study is needed to examine the role specific resources within a home range play in 
driving movement patterns. Once a better model is created more informed conservation 
strategies will be possible.  
 
The results of the model selection indicate that future research should focus on specific 
morphological, behavioral, and environmental factors in relation to habitat use. 
Morphologically, researchers should investigate the role that length - as a measure of 
maturity (length at maturity, or percent maximum length measured) rather than a fishes’ 
individual length - plays on site fidelity. Mature fish have different tradeoffs associated 
with habitat use particularly if they are territorial species or in high competition for 
mates. Larger, more mature fish, may not only have a size advantage in competition for 
mates but also a behavioral advantage as successful strategies have been developed, 
depending on reproductive method. 
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Behaviorally, reproduction and feeding strategy seem to impact habitat use. Reproductive 
strategies, and the importance of habitat features in successful mating, alter the habitat 
requirements on both the species and individual level. Feeding behavior, whether 
measured as trophic level or an aspect of prey mobility, impacts the strategies needed to 
acquire prey. Different strategies could have different patterns of habitat use and are easy 
to measure using stomach content studies. Stomach content studies require relatively little 
investment and would be immensely informative, yet have not been done for many 
species. Similarly, observing reproductive strategies in many species, especially the 
resident ones suited for acoustic telemetry, is a matter of frequent observation (often 
possible through the use of SCUBA).  
 
The influence of the environmental factors of primary production and temperature on 
habitat utilization also merits investigation, though the mechanisms and actual 
measurements to be taken are less clear. If these factors retain their predictive power they 
exhibited in this analysis through subsequent studies, they could assist management and 
conservation efforts by allowing for better categorizations of fish outside of species or 
habitat categories.     
This study represents a first attempt at discovering larger patterns in fish behavior by 
using the wealth of telemetry data available. The current breadth of knowledge examined 
here allows for certain generalizations to be made and, more importantly, points to 
knowledge gaps that need to be filled for larger patterns to be discovered.  To ask more 
sophisticated questions and to more confidently and accurately predict behavior patterns, 
a finer resolution and broader scope of data is needed. Selecting fish for on specific life 
history characteristics – specialist predators, hermaphroditic species, and nesting or 
brooding reproducers - would fill gaps in the existing dataset. Additionally, data from a 
larger spread of geographic regions, particularly the eastern Pacific and the southern 
Atlantic, would provide geographical breadth. This challenge can be tackled by increased 
collaboration between researchers; both those pursuing telemetry and those investigating 
basic biological questions about fish species. Potentially important ecological questions, 
such as the impact of sex on habitat use, could not be addressed with this dataset as 
available studies either didn’t examine the sex of their subjects or basic biology such as 
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fecundity was not known. As conservation and management techniques strive to become 
more spatially sophisticated, they will need to rely on models that more accurately predict 
fish behavior. More informed management is possible if data is collected and made 
available in a considered manner. Further research on habitat use should focus on filling 
basic science data gaps and the influence of individual characteristics on movement 
patterns. 
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APPENDIX A 
FACTORS SELECTED FOR INCLUSION IN 
MODEL COMPARISONS BASED ON MULTIPLE 
FACTOR ANALYSIS 
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Table 9  Factors remaining after MFA to explore site fidelity (Residency Index) using Akaike’s Information 
Criterion. Factors in bold were included in AIC.   
Physiology  Life History  Habitat 
Genus 
Species 
 
 
 
 
Age   Reproduction  From Literature 
Max  Hermaphrodite?  Depth (max) 
At Maturity   Polygamous  Primary Habitat 
Length (TL)  Spawning Type  Secondary Habitat 
Max (study data)  Sex   Location within water column  
Max (literature)  Feeding  From Study Site 
% Max measured  Guild  Primary Habitat 
at Maturity   General or Obligate  Secondary Habitat 
Weight  Prey Mobility  Ocean 
Max   Herbivore  Region 
    Ave. Summer Temperature  
    Ave. Winter Temperature 
    Primary Production 
 
Table 10  Factors remaining after MFA to explore home range using Akaike’s Information Criterion. Factors in 
bold were included in AIC.   
Physiology  Life History  Habitat 
Genus 
Species 
 
 
 
 
Age   Reproduction  From Literature 
Max  Hermaphrodite?  Depth (max) 
At Maturity   Polygamous  Primary Habitat 
Length (TL)  Spawning Type  Secondary Habitat 
Max (study data)  Sex   Location within water column  
Max (literature)  Feeding  From Study Site 
% Max measured  Guild  Primary Habitat 
at Maturity   General or Obligate  Secondary Habitat 
Weight  Prey Mobility  Ocean 
Max   Herbivore  Region 
    Ave. Summer Temperature  
    Ave. Winter Temperature 
    Primary Production 
     
 
 
